Parasite life-history traits should reflect past environmental and host-related selective pressures acting to produce strategies that maximize transmission success. The evolution of adult body size and egg production in 804 species of trematode parasites was investigated using independent contrasts derived from a phylogeny of trematodes. Contrasts in trematode body size were positively correlated with contrasts in egg size, and almost significantly correlated with contrasts in numbers of uterine eggs. After controlling for body size, no relationship existed between egg size and egg numbers, suggesting that there is no trade-off between the two components of egg production. Average host body mass and latitude of the sampling site did not correlate with either trematode body size or egg size. Contrasts between trematode taxa exploiting ectotherm hosts and their sister taxa exploiting endotherms showed no consistent difference in either body size or egg size. The effect of other variables on trematode life-histories, such as the nature of the habitat in which eggs are released, the site of attachment within the host's body, or the number of hosts involved in the life-cycle, could not be evaluated statistically. The similarity in life-history traits among members of given clades suggests that phylogenetic constraints may have acted to limit or mask any adaptive changes expected from changes in host-related or environmental conditions.

Life-history and reproductive strategies are the product of environmental pressures acting over evolutionary time to shape organisms within the limits set by various constraints (Stearns, 1992) . In parasitic organisms, the likelihood of survival and host infection during the transmission phases of the life-cycle, and the availability of food and other resources for reproducing adults, are generally thought to have driven the evolution of parasite reproductive strategies (Price, 1974 ; Jennings & Calow, 1975 ; Calow, 1983) . Because of massive larval mortality and the rich supply of nutrients available to most parasites, it is commonly accepted that parasites evolve to become highly fecund. However, more recent evidence indicates that parasite reproductive strategies show considerable variability, often associated with host or environmental factors, and that there is no single end-point to parasite evolution (reviewed by Poulin, 1995 Poulin, a, 1996 .
Here I use trematodes to test for patterns in the evolution of adult body size, egg size, and numbers of eggs produced in parasites. The subclass Trematoda, including the infraclasses Digenea and Aspidobothrea, comprises over 5000 described species (Brooks & McLennan, 1993 a) . Typically, adults Tel : j 64 3 479 7983. Fax : j 64 3 479 7584. E-mail : robert.poulin!stonebow.otago.ac.nz.
parasitize vertebrates whereas molluscs act as the only or first (of 2 or 3) intermediate host ; however, patterns of association with host taxa are variable (Yamaguti, 1958 ; Gibson & Bray, 1994) . Several environmental and host-related factors may have shaped life-history and reproductive strategies in trematodes. For instance, higher temperatures during development cause reductions in body size in almost all invertebrates (Atkinson, 1994 (Atkinson, , 1995 . Also, egg production is not only dependent upon body size but shows latitudinal trends as well in many animals (Sibly & Calow, 1986) . Presumably, similar rules would apply to trematodes, and thus, all else being equal, we may expect parasites of ectotherms at high latitude to display greater body size and different reproductive strategies than closely-related species in tropical ectotherm hosts. Differences between ectotherm and endotherm hosts go beyond body temperature, though. Rates of food ingestion and thus the energy available to parasites, as well as the efficiency of the immune system, may also differ between ectotherms and birds and mammals. Other factors likely to influence body size and egg production of trematodes by determining resource availability include their site of attachment in the host, as well as the size of the host itself. Finally, the fate of the eggs once they leave the definitive host harbouring the adult parasite may exert pressure on parasite reproduction. Calow (1983) suggested, based on evidence from cestodes, that greater egg size would be favoured when larval development is likely to occur in suboptimal conditions. In trematodes, the nature of the habitat in which the eggs are likely to be released could have a similar feedback action on egg production.
Using phylogenetic contrasts (Felsenstein, 1985 ; Harvey & Pagel, 1991) and a large data set obtained from the literature, I look for relationships between selected variables and life-history traits in adult trematodes. The results of the analysis indicate that trematode evolution, like that of other parasitic lineages (Poulin, 1995 a) , has been unpredictable, and that their reproductive strategies may be more plastic than often implied in textbooks. They also suggest that constraints may have limited the worms' adaptive responses to host-related or environmental pressures.


Data collection
Data were obtained from species descriptions and taxonomic revisions published since 1950 in the following 7 journals : Folia Parasitologica, International Journal for Parasitology, Journal of Helminthology, Journal of Parasitology, Parasitology, Proceedings of the Helminthological Society of Washington, and Systematic Parasitology. These sources provided a random sample of trematode species ; sampling biases may have occurred for some taxa but are unlikely to distort the overall results of the analyses. Measurements recorded were either means or mid-points of ranges based on the examination of several specimens. Data were only included if they were obtained from adult worms found in naturally-infected definitive hosts, and not from worms developing in experimental hosts. For each trematode species, the following information was recorded.
Body size. Maximum length and width of adults were recorded. In the case of dioecious species (family Schistosomatidae), measurements of adult females were used. The product of length and width was used as a measure of body size ; since the worms are usually quite flat, this provides a good comparative measure of size.
Egg size. Eggs are typically ellipsoid in shape, ranging from almost spherical to very elongated. Both the maximum length (excluding polar filaments if any) and width of uterine eggs were recorded. The product of those two dimensions was used as a measure of egg size. This estimate correlates with egg volume but was preferred over volume because of the variety of egg shapes encountered.
Egg numbers. The number of uterine eggs found in the worms was recorded. This information was only available for a small number of species, and there may be a bias in the data set toward species with lower than average egg numbers (estimates of egg numbers are not usually provided when eggs are very numerous).
Definitive host(s).
The identity of each definitive host in which the parasite was found was recorded. Adult host body mass was obtained from other sources (Munro, 1955 ; Jubb, 1967 ; Scott & Crossman, 1973 ; Conant, 1975 ; Nelson, 1976 ; Carcasson, 1977 ; Hoese & Moore, 1977 ; Passmore & Carruthers, 1979 ; Scott, Glover & Southcott, 1980 ; Whitehead et al. 1984 ; Dunham, Miles & Resnick, 1988 ; Scott & Scott, 1988 ; Ernst & Barbour, 1989 ; Hoser, 1989 ; Grzimek, 1990 ; Dunning, 1993) , and averaged across all known hosts of each parasite species to obtain the typical host mass (most trematode species were reported from a single host species). When only host length and not mass was available, mass was estimated as follows : W l aL b , where W is mass in kg and L is body length in m. The appropriate values for the constants a and b were obtained from Appendix IIa in Peters (1983) .
Site of infection. The site at which the parasite was found in its definitive host was recorded as either the digestive tract (from the oesophagus to the anus), the blood vessels, the body cavity, the excretory system (including kidney, ureter, and urinary bladder), the liver (including gall bladder and bile duct), or some other organ (e.g. gills, mesentery, muscles, etc.).
Route of transmission.
Based on where the hosts are more likely to defeacate, the habitat in which the eggs are released was recorded as either aquatic, terrestrial, or unknown.
Latitude. The latitude at which the specimens were collected was noted, with no distinction made between north and south. Since latitude correlates with temperature (Hartmann, 1994) , this was meant to serve as a crude index of the environmental temperature experienced by the hosts from which the specimens were obtained.
When necessary for the analyses of continuous variables (see below), genus means were obtained by averaging species values, and family values were obtained by averaging generic values. All continuous variables were log transformed prior to analysis.
Statistical analysis
The analyses were performed using separate evolutionary events rather than separate taxa as independent observations, in order to eliminate any phylogenetic effects (see Felsenstein, 1985 ; Harvey & Pagel, 1991) . The procedures used to derive independent contrasts from a phylogeny and test for relationships among continuous variables have been described by Garland, Harvey & Ives (1992) . All contrasts were standardized for branch lengths ; since true branch lengths are unknown, I assigned arbitrary ages to each node based on the number of branch tips descended from them, as proposed by Grafen (1989 ; see also Garland et al. 1992) . Because of the error factor associated with the use of incorrect branch lengths (Purvis, Gittleman & Luh, 1994) , I also performed the analyses on unscaled contrasts ; these results are only presented when they differ from those obtained with standardized contrasts. To remove the effect of body size on variables such as egg size and egg numbers, contrasts in these variables were regressed through the origin against contrasts in body size, and the residuals from these regressions were computed. These residuals were used as measures of relative egg size and relative egg numbers, both independent of body size. Associations between contrasts in any pair of variables were assessed using correlations forced through the origin (see Garland et al. (1992) for justification).
Separate analyses were performed to compare branches in the phylogeny that differ with respect to discrete variables such as host type (ectotherm versus endotherm), site of egg release (aquatic versus terrestrial) or site of infection within the body of the host. Contrasts between sister taxa (i.e. branches issued from the same node) with, for example, different host types, were computed as above except that once used in a contrast, taxa were excluded from the calculation of higher taxa means. This ensured that paths through the phylogeny linking taxa in each contrast do not cross and resulted in truly independent sister taxa contrasts (see Felsenstein, 1988 ; Burt, 1989) . By computing contrasts in a consistent manner, for instance always subtracting the values of the branch with ectotherm hosts from those of the branch with endotherm hosts, the mean value of the contrasts could be compared to zero with one sample, two-tailed t-tests.
The trematode phylogeny from which contrasts were derived is that presented in the appendix of Brooks & McLennan (1993 b) , supplemented with information from Pe! rez Ponce de Leo! n & Brooks (1995) . The numerous cladistic analyses of trematode taxa published in recent years have been summarized by Brooks & McLennan (1993 b) and form a fairly well-resolved and robust phylogenetic hypothesis of trematode evolution. Some aspects of the proposed phylogeny have been criticized (e.g. Pearson, 1992) , and alternative hypotheses exist. Because Brooks & McLennan's phylogeny is based only on proper cladistic analyses, and since the family Heronimidae, the group whose position is most controversial, is not represented in my data set, the phylogeny reconstructed by Brooks & McLennan (1993 b) is likely the most adequate at present for the purposes of this study. Because the phylogeny below the genus level is still poorly known, the reconstructed phylogeny of the species included here stops at either the genus, subfamily or (more commonly) the family level. However, in the smaller subset of species for which data on egg numbers were available, the phylogeny could be extended to the species level because data were usually not available for more than 2 species per genus, or more than 2 genera per family. In the main analysis using the complete data set, trematode families in which some genera infect ectotherms and other genera infect endotherms were split into 2 groups. Although this implies an unproven monophyletic origin for all genera exploiting similar hosts, this procedure sets up contrasts between related genera that differ in host types and allows the effect of host type to be quantified.

Overall, data were gathered on 1008 trematode species. At first glance, most species tend to be small-bodied, and there is no obvious difference between the body sizes of parasites of ectotherms and those of parasites of endotherms (Fig. 1) . Similarly, the distribution of egg sizes is biased toward small sizes, with large egg size appearing more common in parasites of endotherms (Fig. 2) . However, these variables must be examined in a phylogenetic context. Because the phylogenetic position of many species was uncertain, only 804 species, representing 423 genera and 64 families, were included in the comparative analysis (Appendix I). These taxa allowed a maximum of 94 independent contrasts to be computed. The smaller data set used to assess the relationships between egg numbers, egg size and body size included data from 32 species (29 genera, 17 families) and allowed 23 phylogenetically independent contrasts.
Using independent contrasts, I found no correlation between trematode body size and either host mass or latitude (Fig. 3) . Using unscaled contrasts, however, I found a significant relationship between host mass and trematode body size (r l 0n266, N l 94, P 0n01). This was the only result that differed from the analyses using standardized contrasts. A relationship between body size and latitude may exist only among parasites of ectotherms, whose body temperature varies with the environmental temperature. However, using only contrasts in which both branches exploit ectotherm hosts, I still found no correlation between trematode body size and latitude (r l 0n071, N l 38, P 0n05).
Trematode egg size correlated positively with trematode body size (Fig. 4) . Using the residuals of this regression, I found no relationship between relative egg size and either host mass (r l k0n163, N l 90, P 0n05) or latitude (r l 0n075, N l 90, P 0n05). Again, using only contrasts in which both branches use ectotherm hosts did not result in a correlation between relative egg size and latitude (r l 0n239, N l 36, P 0n05). In the smaller data set, trematode body size correlated positively with egg size (r l 0n400, N l 23, P 0n05) and almost significantly with egg numbers (r l 0n338, N l 23, P 0n10). Using residuals of regressions against body size, I found no significant relationship between relative egg size and relative egg numbers (Fig. 5) , which indicates the absence of a trade-off between Fig. 4 . Standardized contrasts in egg size plotted against corresponding contrasts in trematode body size. The relationship between the two variables is significant (correlation forced through the origin : r l 0n211, N l 90, P 0n05). Fig. 5 . Plot of contrasts in relative trematode egg size against corresponding contrasts in relative number of uterine eggs. These measures are the residuals of regressions of contrasts in egg size and egg numbers against contrasts in trematode body size, and are thus independent of body size. There was no significant relationship between relative egg size and relative egg numbers (correlation forced through the origin : r l k0n238, N l 23, P 0n05).
investments in egg size and in numbers of eggs produced.
Only 13 clear contrasts between sister branches exploiting different types of hosts (ectotherms versus endotherms) were possible. Among these, the mean value of contrasts in trematode body size (mean l 0n159, t l 1n184, .. l 12, P 0n05) and in relative egg size (mean l k0n062, t l 1n485, .. l 11, P 0n05) did not differ significantly from zero. Despite the low power of these tests, the results suggest that transitions from ectotherm host to endotherms had no impact on trematode body size or egg production.
There were too few possible contrasts between sister branches differing distinctly with respect to the type of habitat (aquatic or terrestrial) in which eggs are released, for a statistical analysis to be performed. Similarly, appropriate contrasts between trematode branches infecting distinctly different sites within the host were few. This is due, in part, to the apparent lack of site specificity within certain trematode taxa. Also, trematodes not found in the digestive tract occur in a variety of organs, and the only comparison possible would be between gut trematodes and the rest. Some of the largest trematodes occur outside the gut (e.g. Fasciolidae, Didymozoinae, and the gorgoderid genera Anaporrhutum and Nagmia ), and obviously the ones that dwell in blood vessels are small (e.g. Schistosomatidae, Spirorchidae and Sanguinicolidae). However, because colonization of these sites did not occur repeatedly and independently during the evolution of trematodes, these trends can not be assessed statistically.

Proper comparative analyses of parasite life-histories are still few (e.g. Skorping, Read & Keymer, 1991 ; Poulin, 1995 b) . However, their results all show that related parasite taxa may evolve widely different lifehistory strategies in response to the different selective regime they have experienced. Here, trematode body size and egg size have been found to vary independently of selected variables, thought a priori to be key determinants of either the availability of resources and growth potential for parasites, or of the probability of egg survival. Host type (ectotherm versus endotherm), host mass, and latitude were not related to trematode body size or egg size. Increases in trematode body size were associated with increases in egg size and perhaps with increases in number of eggs present at any given time in the worm. To evaluate the potential trade-off between egg size and fecundity, estimates of lifetime egg production are needed. Nevertheless, the results of the present analysis suggest that there is no such trade-off, with larger worms producing slightly more, larger eggs than smaller relatives.
Why then are not all trematodes evolving toward larger body sizes ? Host mass is likely correlated with the space available for parasites in various organs, and could have placed a physical constraint on trematode body size. While not important for the evolution of ectoparasite body size (Poulin, 1995 (Poulin, b, 1996 , host body size does relate strongly to parasite size among nematodes infecting primates (Harvey & Keymer, 1991) . Here, using the log-transformed values for all taxa presented in Appendix I as independent observations, a strong correlation exists between host mass and trematode body size (r l 0n339, N l 107, P 0n001). The same trend was found in cross-genera correlations within some of the more diverse trematode families (unpublished data), and in the present analyses when using phylogenetic contrasts not standardized for branch length. This was the only result that differed from the analyses using standardized contrasts, but because of the error factor associated with incorrect branch lengths (Purvis et al. 1994) , it should not be dismissed. Therefore, it is too early to rule out completely host mass as an evolutionary influence on trematode body size.
The action of phylogenetic constraints in the evolution of characters is difficult to detect, and there is at present no consensus on how to test for these constraints (McKitrick, 1993) . Nevertheless, there is no doubt that the phylogenetic history of a lineage may prevent character evolution to follow the course we would otherwise anticipate. Phylogenetic constraints may greatly limit the variation in characters such as body size or egg size within a clade, and thus limit the magnitude of adaptive responses. For example, despite displaying a range of body sizes (and substantial variability in factors such as host mass and latitude), members of the HirudinellidaeHemiuridae-Syncoeliidae clade all have relatively small eggs. Similarly, the medium-sized eggs of all members of the Proterodiplostomidae-Neodiplostomidae-Diplostomidae-Strigeidae clade fall within a relatively narrow range of values. Inherent constraints on the evolution of life-history traits could make any existing trend more difficult to detect by making the variation too small to be measurable statistically.
The mode of transmission and the likelihood of completing the life-cycle have played major roles in the evolution of parasite traits from virulence (Ewald, 1987) to fecundity (Poulin, 1995 b ) . In trematodes, transmission probably depends less on the type of habitat in which eggs are released than on the number of necessary steps involved in the lifecycle. Each additional intermediate host represents a separate occasion during which the adult parasite's initial reproductive investment is diluted through losses. Ancestral trematodes had a simple 2-host lifecycle, involving a mollusc and a vertebrate. In more derived taxa a third host was added to the cycle ; this third host was lost in the SchistosomatidaeSpirorchidae-Sanguinicolidae clade, whereas in the Diplostomidae and Strigeidae a fourth host joined the cycle (Shoop, 1988 ; Brooks & McLennan, 1993 b) . These events may have been important in the evolution of life-history traits of adult worms but were too rare for any statistical analysis to be performed.
The results of the only previous comparative analysis of life-histories of trematodes are worth reexamining. Loker (1983) examined the life-histories of mammalian schistosome species, using species as independent observations and thus not controlling for phylogenetic effects. He found that the number of uterine eggs correlated positively with the rate of egg production, and found an inverse relationship between the rate of egg production and egg size. In contrast with the results of the present study, Loker's trends suggest a trade-off between size and numbers of eggs produced. Among the schistosome species for which data were available, there were negative correlations between the rate of egg production and both the size of the molluscan intermediate host and the number of larvae produced asexually inside the molluscan host (Loker, 1983) . Though these results must be weighed with caution, asexual multiplication in the intermediate host may compensate for low adult fecundity, with selection optimizing investments into the two reproduction processes. The efficiency of larval asexual multiplication could therefore be the most important variable not examined here because data are lacking, and could perhaps explain some of the variability observed among trematode taxa. Moore (1981) suggested that among taeniid cestodes, a relationship existed between the ability to reproduce asexually in intermediate hosts and the life-history traits of adult worms in definitive hosts. If the potential to multiply asexually within molluscs is proportional to larval size, this could explain why adults of large-bodied trematode taxa opt to produce larger eggs rather than more numerous but smaller eggs.
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 I. Raw data on life-history traits for all trematode taxa included in the main comparative analysis. Body size and egg size are given as the product of their maximum length and width. Note that some taxa have been split into 2 subgroups according to the type of host they infect (Ecto l ectotherms, Endo l endotherms). 
